I. INTRODUCTION
Interest in terahertz technology has significantly risen in the past decade as an attractive alternative for a variety of sensing and telecommunication applications. 1, 2 This has led to many terahertz applications. Among them, a critical need exists for terahertz sources, capable of operating at roomtemperature with sufficient power for practical terahertz (THz) communication links. In this context, the conventional approach of decreasing gate-length can barely yield transistor operation beyond 1 THz. 3 Therefore, there is a need for alternate THz generation methods.
1,4,5 Among them, plasmawave devices have offered a viable solution. This is because such devices operate by taking advantage of the electronplasma oscillations in the 2 dimensional electron gas (2DEG) of high electron mobility transistors (HEMTs).
Notably, plasma-instability due to asymmetric boundary conditions at source and drain contacts of a short channel HEMT has been predicted to lead to self-sustained oscillations. [6] [7] [8] It is argued that, in such devices, the scattering losses in the channel are countered by amplification due to reflective boundary, leading to oscillations. Of importance is that the typical electron densities in the 2DEG of modern HEMT are in the range of 10 12 -10 13 cm
À2
. Therefore, these oscillations have the potential to generate THz power. Indeed, experimental observations of these oscillations have been reported, often at cryogenic temperatures. [9] [10] [11] [12] [13] [14] However, low loss electron plasma wave propagation at room-temperature as well as selfsustained oscillations in traditional semiconductor 2DEG structures are not yet practical. This is due to the limited electron mobility and large electron plasma wave damping at room-temperature in these materials.
To develop such plasma-wave THz devices at roomtemperature, this low mobility limitations must be overcome by inserting additional gain mechanisms. [15] [16] [17] One of such approaches can be realized with the assistance of resonant tunnel diode (RTD) introduced at the gate and biased in the negative differential conductance region of its I-V characteristics. 18, 19 RTDs operating beyond 1 THz have already been demonstrated. 20, 21 In this paper, we show via analytical and numerical means that plasmons in RTDgated HEMTs can indeed show amplification. Such a demonstration could indeed pave way to THz sources and amplifiers. Such RTD-gated devices could also serve as replacements for lossy dielectric waveguides in future terahertz integrated circuits.
In the following, we first derive the attenuation constants for propagating plasma-modes in a 2DEG channel of an RTD-gated HEMT. We find that appropriately large negative differential conductance (NDC) leads to negative attenuation constant, indicating growth of plasmonic oscillations. This analysis is next verified using full-wave simulations that model the Maxwell-Hydrodynamic equations. To that end, we also develop a finite difference time domain (FDTD) solver, already verified in Refs. 22-25, but here we also include the effect of the RTD-NDC. Finally, we discuss their relevance and show practical designs that can be realized for THz sources, amplifiers, and waveguide applications. 
II. PLASMA PROPAGATION IN RTD-GATED 2DEG: SMALL SIGNAL ANALYSIS
Dispersion relations for propagating plasma waves such 2DEG channels are derived in the literature. [26] [27] [28] [29] [30] [31] Specifically, Ref. 31 gives the attenuation due to finite mobility for a biased gated 2DEG layer. We will expand on the analysis to include the effect of RTD placed at the gate, adjacent to the 2DEG layer.
A schematic of the device under consideration is shown in Fig. 1 . We consider a long, thin 2DEG channel under a metal gate separated by a vertical RTD at the barrier layer. The 2DEG channel is biased by applying source to drain voltage, while the RTD is biased using the gate's voltage with respect to the channels local potential. With this set-up, the current through the RTD is added to the 2DEG current. To simplify the analysis, and to be able to obtain closed form expression, we make following assumptions:
(1) RTD DC current is assumed to be small and does not cause significant variations in sheet-electron density or velocity along the channel. In other words, the DC conditions in the channel are dominated by drain to source bias (and not by the gate to channel bias). (2) Variations in the RTD bias are small, allowing almost uniform NDC as we move along the channel. (3) Plasma wavelength is much larger than barrier thickness d but is much smaller than the free-space wavelength.
With the above assumptions, we proceed to employ the electron transport equations in the channel. These are the first two moments of Boltzmann Transport Equation (BTE), 32 viz.,
Here, n sh is the sheet carrier density, j ¼ n sh v is the sheet electron flux, and v is the electron velocity within the 2DEG channel. Also, E ch is the x-directed electric field along the channel (see Fig. 1 ), s refers to momentum relaxation time, m e is the effective electron mass, and q ¼ 1:6 Â 10 À19 C is the charge of a single electron. To account for the smallsignal current due to RTD, the term ð @n sh @t Þ RTD is added on the right hand side of (1). This term is much similar to generation recombination terms used in Ref. 33 . Similarly, a change in the local momentum due to the RTD can be accounted for by introducing the term vð @n sh @t Þ RTD in (2) . This addition assumes that the electrons added due to the RTD quickly attain the local-bulk velocity in the channel, altering the momentum by vð @n sh @t Þ RTD . This is a reasonable assumption since electron tunneling is vertical to the 2DEG and electrons conserve momentum in the x-z plane. We note that (1) and (2) can be simplified by replacing j ¼ n sh v in (2), giving
To derive the dispersion formulae from the above, our strategy is to first establish a relation between the channel AC current and the electric-field. This will provide an expression for the channel conductivity (r ac ) in terms of ð @n sh @t Þ RTD , which is related to the E-field profile in the barrier layer. Using this r ac , we can then employ the E and H-field boundary conditions to obtain the desired dispersion relations.
We proceed by introducing a small signal, space-time field perturbation, given by E ch ¼ E o þ E ac expðjxt À jb x xÞ. This leads to represent the electron density as n sh ¼ n o þ n ac expðjxt À jb x xÞ. Further, the associated velocity is given by v ¼ v o þ v ac expðjxt À jb x xÞ. As can be seen, n ac and v ac are the amplitudes of the AC variations in the electron density and velocity, respectively. As expected, xð¼ 2pf Þ is the angular frequency and b x is the propagation constant along the channel (i.e., in x-direction). We next introduce the known AC current representation
and by invoking (3) and (4), we get
In the above, J ac can be further simplified by introducing ð @n sh @t Þ RTD ¼ ÀgV RTD q , where V RTD is the AC voltage is across the RTD barrier and g is the RTD differential conductance (in S/m 2 ). As expected, V RTD ¼ À Ð y¼0 y¼Àd E y dy is related to the 2DEG field, E ac . To derive this relation, we further consider the field profiles in the barrier layer Àd < y 0 and below the 2DEG layer y Àd. Since we do not expect any E z fields, we begin by introducing the vector potentials F ¼ẑF z , where F z is
A cosðb y yÞ expðjxt À jb x xÞ; Àd y 0 B expða y yÞ expðjxt À jb x xÞ; y < Àd: ( Here, b y is the propagation constant in the y-direction for the region Àd < y 0 and a y is the attenuation constant for when y Àd. Further, by invoking the wave equation, we obtain the characteristic equations, b
is the propagation constant of the wave in the dielectric. Here, we have ¼ r o , with r being the dielectric constant. o and l o are permittivity and permeability in the vacuum, respectively. In the above, A and B are to be eliminated via enforcement of the boundary conditions.
The field components corresponding toF are found fromẼ ¼ À1 r ÂF, giving
also, H z ¼ Àj
Recognizing that the channel-field E ac can be obtained by
, and then dividing E ac by (9) gives E y in terms of E ac
Also, from
we get
Above can is used to replace the term @n sh @t RTD in (6). After further algebraic manipulations, (6) becomes
where
Since
We next proceed to enforce the other boundary conditions and therefore eliminate the A and B constants. Specifically, we have
with r ac as given in (14) . This can be simplified to a quadratic equation in b y , using cotb y d % 
This new relation allows us to find the plasma-wave propagation constant as a function of x, while considering the effect of NDC g. We note that for g ¼ 0, (16) converges to the dispersion relation for the plasma-wave propagation in the gated 2-DEG as derived in Ref. 31 . This serves as verification for above calculations. Dispersion curves can be obtained by solving the quadratic equation (16) . The two solutions to (16) correspond to wave moving in forward and backward directions. Here, we define forward wave as that traveling in the direction of the electron drift velocity due to drain to source bias, i.e., <ðb x Þ > 0 for v o > 0. Hereon, we only consider the forward wave, since the backward wave is associated with much higher attenuation and is not of interest (as also reported in Refs. 22 and 31).
A. Solution for RTD-gated GaN/AlGaN heterojunction
As a next step, we evaluated the developed solution for a GaN/AlGaN heterojunction with an RTD placed at the gate. cm/s. Fig. 2 shows the effect of RTD differential conductance g on the wave propagation. Specifically, the phase constant (<ðb x Þ) and attenuation constant a ( ¼ À=ðb x Þ) are plotted as a function of frequency. We observe that increasing the value -g gradually decreases the attenuation constant, eventually causing amplification. From these plots, we can conclude a g < À0:5 S=lm 2 is needed for plasma-wave amplification. However, since plasma-wave losses are higher for smaller relaxation time, s, the attenuation constant is expected to increase accordingly. Fig. 3 shows the attenuation constants at frequencies 1 THz and 5 THz as a function of s and g. As expected, the wave amplification is highest for large s and large -g. We also note that NDC needed for amplification becomes smaller, when s is large (refer to the a ¼ 0 contour).
The above analysis suggests that the RTD-gate can reinforce plasma-wave propagation, reducing losses and even causing amplification in accordance with the NDC value provided by the RTD. To further validate the analysis, we consider comparisons with the full-wave hydrodynamic simulations. These comparisons are presented next.
III. FULL-WAVE MODELING OF RTD-GATED HEMT: VALIDATION AND RESULTS
In this section, we validate the aforementioned analysis using numerical FDTD simulations. Indeed, FDTD simulations have already been used for numerical modeling of plasma-waves for a 2DEG layer embedded in a dielectric media. 22, 25 Using the same algorithm, we recently developed models for plasma-waves in confined 2DEGs. 23, 24 In this work, we expand on this model to consider the presence of an RTD-NDC between the 2DEG channel and the gate. Below, we briefly discuss the developed numerical model and then use it to calculate dispersion relations. These will be compared with the analytical model given in Sec. II.
A. Full-wave-hydrodynamic FDTD analysis for RTD-gated HEMT
As discussed in Sec. II, the electron-transport properties of the channel are modeled using the mass and momentum conservation equations (1) and (2) . These are modified with added terms to account for the presence of RTD AC current. To model the electromagnetic fields in the vicinity of this channel, we also considered Maxwell's equations r ÂH ¼ @D @t þJ; and (17)
In the above, symbols carry their usual meaning. The current density excitationJ is provided from the hydrodynamic sheet current and is given by 
where t 2DEG is the modeled thickness of the 2DEG layer, j o ¼ n o v o is initial DC sheet current, and j ¼ nv is total sheet current. Specifically, j À j o represents the AC sheet current responsible for electromagnetic radiation from the channel. We applied the 2D-FDTD algorithm 34 to solve equations (3), (4), and (17)- (19) for the device cross-section, as shown in Fig. 1 . Specifically, Maxwell's equations were replaced by their corresponding time and space difference equations. Likewise, HD equations were discretized using 1D model since thickness, t 2DEG , was assumed to be of single grid size, chosen to be 2.5 nm. It is important to note that due to nonlinear and coupled nature of HD equations, center differencing approach was not used. Rather, the upwind differencing scheme was applied for stability. At the channel boundaries, we assume charge neutral contacts, i.e., n sh ðx ¼ 0Þ ¼ n sh ðx ¼ L c Þ ¼ n o . For the Maxwell's equations, we modeled these contacts as perfect electrical conductors (PEC). Thus, field-reflection and diffraction near them are accounted for. Similar to ohmic-contacts, the metal gate was also modeled with the PEC boundary condition.
FDTD algorithm was employed to solve the Maxwell's and HD equations in-tandem. That is, in each time step, the fields and currents were updated via Maxwell and HD solvers, respectively. To couple the two solvers, the updated channel fields from the Maxwell solver were used as excitation terms in HD solver. Subsequently, the updated current from HD solver provided the source term to the Maxwell solver. Using this scheme, self-consistency was achieved among these equations.
B. Comparison of numerical and analytical solutions
As already noted, the derivation of the dispersion relation (16) , assumes linearization of the hydrodynamic equations. Specifically, second order variations (v 2 ac ; n 2 ac , etc.) are ignored, as noted in (14) . Additionally, we also assume that b y d ( 1 and b
2 . These assumptions were needed to obtain a closed form solution. Therefore, to validate the analytical results using full-wave simulations, we must carefully choose the frequency band and the parameters where these approximations hold true. For the comparison, we chose parameters typical to a 2DEG channel in GaN/ AlGaN heterojunctions, except for its dielectric constant. We chose r ¼ 1, so that approximation b y d ( 1 is valid due to larger plasma-wavelength for smaller r . Other parameters used were n o ¼ 5 Â 10 12 cm
À2
, s ¼ 0.137 ps, v o ¼ 10 7 cm/s, and m e ¼ 0.2m o . We chose the thickness of the 2DEG layer to be t 2DEG ¼ 2.5 nm.
To obtain the dispersion curve, we need to excite a broadband THz plasma-wave in 2DEG and then record its propagation and attenuation constant as it travels along the channel. To do so, we model a THz pulse incident on the HEMT which contains a long and RTD-gated channel (L c ¼ 10 lm), having a small gap-discontinuity at the gate. This model is shown in Fig. 4 . The incident wave diffracts through the gap and couples with the channel to excite the propagating plasmonic modes. We record the time domain signal at different points in the channel and extract the attenuation and phase constants by Fourier transformation across the band of interest. The results are plotted in Fig. 5 .
As seen, there is good agreement between the wavenumbers obtained from the two models. Notably, both models predict only a negligible change in the wavenumber with varying g. These plots also demonstrate an agreement in the attenuation constants calculated via the two models. Here, we also confirm that the attenuation constant decreases with the increasing -g. Small variations in the simulated results were observed due to the inherent non-linearity of the numerical solver and reflection from source and drain terminals.
Next, a similar comparison is made for a practical case of GaN/AlGaN device, where dielectric constant is set r ¼ 9:5. The comparisons are shown in Fig. 6 . We again confirm the reduction of the attenuation constant as predicted by the analytical model. Notably, more deviations are observed between the two models specially at larger frequencies. This is due to the higher dielectric constant causing b y d to become large, violating the assumptions made in the analysis. For example, at 3 THz b y d is close to 0.3. From above, we infer that the analytical model correctly captures the phenomenon in the regime of long plasmawavelengths. On the other hand, the full-wave-hydrodynamic model provides rigorous and accurate solution for all frequencies. It is also noted that for r > 1, analytical solution deviates from full-wave simulations. In such cases, use of full-wave-hydrodynamic simulations is recommended for design while the analytical model can be used for initial estimates.
IV. PLASMON PROPAGATION IN RTD-GATED GaN/AlGaN HETEROJUNCTIONS
In this section, we employ numerical solution to show the field-visualization for intuitive understanding of the proposed concept. The model and the excitation method are the same as in Sec. III, but now we chose excitation frequency of 5 THz. All other parameters are set as n o ¼ 5 Â 10 12 cm
À2
, s ¼ 0:137 ps, v o ¼ 10 7 cm/s, r ¼ 9:5, and m e ¼ 0.2m o . Fig. 7 shows the coupling and propagation of plasma-waves for varying values of RTD-NDC. For g ¼ À0.5 S=lm 2 , plasmon attenuation is reduced allowing propagation to longer distances. This observation is very useful for active terahertz waveguides. For the case of large NDC (g ¼ À0.8 S=lm 2 and À1 S=lm 2 ), a growing propagating plasma-wave was also observed. With appropriate antennas at the input (source-gate) and output (drain-gate) terminals, an antenna-coupled amplifier configuration can be achieved. 19 Clearly, this would require impedance-matching of the input and output terminals with the corresponding radiating structures. If left unmatched, the amplified plasma-wave would simply be reflected back from the drain terminal. This backward traveling wave would quickly attenuate due to opposite flow of electrons and large -g. Another way of achieving inputoutput coupling in the amplifier mode could be by using grating-gates. 25 The shown concept can also be utilized to obtain a terahertz source. 23 As stated, the RTD-gate provides the much needed gain media for the propagating plasmons. Alongside this gain-media, a resonance mechanism is also needed to complete the oscillator action. This resonance is obtained by having periodic grating-gates instead of a single continuous gate. As predicted in Ref. 23 , an RTD-gated, grating gate HEMT is expected to emit terahertz radiations. Of course, the frequency of resonance would be decided by the grating periodicity, 2DEG electron density, and barrier thickness. Note that, in such devices, the grating-gate also provides the needed coupling for the effective radiation of the terahertz plasmons. 
V. CONCLUSION
We demonstrated that RTD-gated HEMTs support lowattenuation and growing plasma modes within the 2DEG channel. Depending on the value of the RTD-NDC, either a long distance plasma-wave propagation or amplification action can be sustained within the gated channel. This mode enhancement is supported by the RTD-gain mechanism, which counters the scattering losses in the channel. Our fullwave-hydrodynamic model and analytical expressions are validated for this concept.
We also concluded that, in practice, such devices would depend on fabrication of the state-of-the-art RTDs, operating at THz frequencies. Such RTDs are already being reported. 20, 21 The NDC values available in these RTDs are of the order of 10 mS=lm 2 . Although these values are smaller than the required, development of low-loss active THz-waveguides is possible using these RTDs. For THzsources and amplifiers, higher NDC values would be required, which could allow these applications in future.
